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Abstract
A recent study (White et al. 2008) claimed that fishery profits will often be higher with
management that employs no-take marine reserves than conventional fisheries
management alone. However, this conclusion was based on the erroneous assumption
that all landed fish have equal value regardless of size, and questionable assumptions
regarding density-dependence. Examination of an age-structured version of the White
et al. (2008) model demonstrates that their results are not robust to these assumptions.
Models with more realistic assumptions generally do not indicate increased fishery yield
or profits from marine reserves except for overfished stocks.
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Marine reserves are widely considered as a tool for marine
conservation. In some cases, they are proposed as an
alternative or supplement to such measures as catch quotas,
fishing effort controls and gear restrictions (hereafter
referred to as conventional fishery management). It has
been argued that the same potential yield is available with
marine reserves and conventional fisheries management (e.g.
Hastings & Botsford 1999; National Research Council
2001), and now White et al. (2008) have concluded that
…reserve-based policies generated profits approximately
equal to or greater than those attainable under optimal
conventional management.
It was pointed out in Hart (2006) that comparisons
between yields with and without marine reserves depend on
the definition of yield; number-based yield calculations
often used in marine reserve models (e.g. Hastings &
Botsford 1999) tend to favour marine reserves more than
those which calculate yield in terms of weight. White et al.
(2008) expanded on the concept of numbers based yield by
assuming that each fish has equal economic value, regardless
of weight. Although the definition of yield might be
debatable, in nearly all fisheries, fish and invertebrates are
sold by weight, not number, so that large individuals have
greater value than smaller ones. Optimal marine reserve
strategies have lower fishery escapement in areas not
protected by reserves than corresponding conventional
management strategies. The mean weight of the catch, and
hence the mean value of a fish caught, will therefore be
greater using optimal conventional management compared
with that using marine reserves.
The mean weight of the catch W can be calculated as a
function of exploitation rate and natural mortality. Assum-
ing, as in White et al. (2008), that natural mortality occurs
after harvesting,
W ¼
P1
k¼0
wa0þk½ð1 kÞeM k
P1
k¼0
½ð1 kÞeM k
ð1Þ
where wa is the mean weight at age a, a0 is the age of
recruitment into the fishery, M is (instantaneous) natural
mortality, and k is the exploitation rate. Mean values are
computed similarly, using the mean value at age va in place
of wa. Using Georges Bank sea scallops (Placopecten magella-
nicus Gmelin) as an example (Table 1), the mean weights and
values at the high exploitation rates (c. 0.7–0.9) claimed as
optimal marine reserve strategies by White et al. (2008) are
half or less that at the optimal exploitation rates without
reserves (c. 0.2–0.3), when yield or value is based on weights
(Hart & Rago 2006).
White et al. (2008) assumed compensatory intercohort
density-dependence. This can occur in cannibalistic species
or ones that are limited by space or refugia, as may occur for
some coral reef fish. However, White et al. (2008) give little
support for their claim that these interactions are common.
Often, ontogenetic shifts in location or diet make these
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Table 1 (a) Mean weight-at-age (g), and value per individual (US dollars) for Georges Bank sea scallops, based on the growth curve of
Thouzeau et al. (1991), the shell height to meat weight conversion of Hart & Rago (2006) at the intermediate depth of 70 m, and mean 2007
prices (US dollars). The prices take into account the observed price premium for larger scallops. (b) Mean weight (g ⁄ scallop) and value (US
cents ⁄ scallop) of the catch for Georges Bank sea scallops at various exploitation levels, assuming full recruitment at age 1 (second and third
rows) or age 4 (fourth and fifth rows), an instantaneous natural mortality rate of M = 0.1, and mean weights-at-age and values as in (a)
(a)
Age 1 2 3 4 5 6 7 8 9 10 11 12
Mean weight 0.1 1.9 6.3 12.2 18.6 24.7 30.1 34.6 38.3 41.3 43.6 45.4
Value 0 0 0.06 0.16 0.26 0.36 0.44 0.50 0.57 0.61 0.65 0.69
(b)
Exploitation Rec. age 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Mean weight 1 17.2 10.81 6.88 4.41 2.82 1.77 1.08 0.61 0.30 0.01
Mean value 1 24.4 14.6 8.7 5.1 2.9 1.5 0.7 0.3 0.06 0
Mean weight 4 30.0 25.0 21.6 19.0 17.1 15.7 14.5 13.6 12.8 12.2
Mean value 4 43.9 36.1 30.7 26.7 23.8 21.5 19.7 18.2 17.0 16.0
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Figure 1 Output from an age-structured version of the White et al. (2008) marine reserve model. Model parameters are as in White et al.
(2008) et al. figure 2, except as noted. Twelve age groups were modelled, with age 12 a plus group. Weight and value at age are given in
Table 1 (a). In (a) and (d), yield is number weighted, (b) and (e), yield is biomass weighted, and (c) and (f) profit is computed assuming
h = 5. Solid line in (a), (b) and (c) represents recruitment at age 1 and density-dependence after harvesting (as in White et al. 2008),
dotted line is recruitment at age 1 and density-dependence before harvesting, long dashed line is density-dependence after harvesting
and recruitment at age 4, and short dashed line is density-dependence before harvesting and recruitment at age 4. Panels (d)–(f) assume
recruitment at age 4, and use biomass-weighted density-dependence of juveniles of the Beverton-Holt form Ri ¼ aB=ð1þ b1B þ b2BiÞ;
where Ri and Bi (i = 1,2) are recruitment and biomass mean densities in the reserve and fished areas respectively and B is overall mean
biomass density. The parameter a was set to 10*(1 ⁄B0 + b1 + b2), where B0 is biomass density with no fishing, so that recruitment at
B0 equals 10. Solid line is intracohort density-dependence with density-dependence before harvesting (equivalent to the standard
Beverton-Holt stock-recruit curve with b1 = 0.3 B0 and b2 = 0), long and short dashed lines are intercohort density-dependence (b1 = 0
and b2 = 0.3 B0), with density-dependence before harvesting (long dashed line) and density-dependence after harvesting (short dashed
line; exploitation rates were restricted to below 0.98). Dotted and dashed–dotted lines are combined intracohort and intercohort density-
dependence (b1 = 0.15 B0 and b2 = 0.15 B0) with density-dependence before harvesting (dashed–dotted line) and density-dependence
after harvesting (dotted line). Optimal exploitation levels were used in all cases.
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interactions improbable. For example, most adult Pacific
rockfish (Sebastes sp.) occur in deeper water than juveniles,
precluding strong interactions between juveniles and adults
(Love et al. 2002). Even when intercohort interactions do
occur, they are sometimes facilitative rather than compen-
satory, where adults promote the settlement or survival of
juveniles (Caley et al. 1996). Perhaps most importantly, the
presence of compensatory intercohort density-dependence
does not imply the absence of intracohort density-depen-
dence, as implicitly assumed by White et al. (2008). For
example, of the six fish species examined by Myers &
Cadigan (1993), intercohort compensation was detected in
only one of them, Gadus morhua Linnaeus (Atlantic cod),
whereas intracohort compensation was detected in all
species, including cod. The density-dependence assumptions
of White et al. (2008) predict that as abundance increases
inside the reserve, recruitment would be much greater
outside the reserve than inside. To our knowledge, no such
phenomenon has been reported. For example, even after a
more than 20-fold increase in sea scallop biomass in closed
areas on Georges Bank, recruitment remained similar in the
open and closed areas (Hart & Rago 2006), indicative of no
intercohort density-dependence.
The optimal marine reserve strategies given in White et al.
(2008) result in the removal of most adults from the fished
area. This, combined with the assumptions of no intracohort
density-dependence and that intercohort density-dependence
occurs after harvesting, induce nearly density-independent
settlement of juveniles. It is this effect, together with the
assumption that all individuals have equal value, that drive the
White et al. (2008) model towards greater profits for reserves.
To assess the effects of these assumptions, we
constructed an age-structured version of the White et al.
(2008) model (Fig. 1). The substantial increase in yield or
value with marine reserves noted by White et al. (2008)
(solid-line in a) is not typical. Using the number-weighted
density-dependence assumed by White et al. (2008), profits
decreased with marine reserves in all four cases. With
biomass-weighted recruitment and Beverton-Holt type
density-dependence, the large gain in profit using reserves
predicted by White et al. (2008) only occurs with pure
intercohort density-dependence that occurs after harvest-
ing. Very modest increases with reserves occurred with
mixed density-dependence when it occurred after harvest-
ing, and intercohort density-dependence when it occurs
before harvesting. With pure intracohort density-depen-
dence (probably by far the most common) or mixed
density-dependence which occurs before harvesting, prof-
its declined with marine reserves.
Models are no better than their assumptions, and the
assumptions of the White et al. (2008) model are rarely, if
ever, all satisfied. These assumptions generally tend to favour
marine reserves over conventional management. For exam-
ple, Ralston & OFarrell (2008) found that marine reserves
(and more generally spatial variation in fishing mortality) only
increase yield under the assumption of post-dispersal
intercohort compensation and no intracohort compensation.
Density-dependence among adults would also decrease the
benefits of marine reserves (Ga˚rdmark et al. 2006). Models
based on more realistic assumptions show that marine
reserves under most circumstances increase yield or net
benefits only under overfished conditions (e.g. Gerber et al.
2003; Hart 2006; Sanchirico et al. 2006).
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